General Theory of Relativity has become a necessity in electronic systems that use high precision timing, especially space systems. The principles involved will be reviewed with emphasis on practical applications and operational standards used in timekeeping and remote synchronization.
I. INTRODUCTION
In high precision synchronization over extended distances, certain corrections to the time measurements have to be applied in order to allow for metric effects that are mainly due to the relative speed and gravitational potential difference between the two locations to be linked. These effects are predicted by the Theory of Relativity [l] . The Special Theory of Relativity (SR) is concerned with the transformations that are needed to relate the measurements between two systems that move relative to each other at constant velocity. Velocity is to be understood as a vector, and no gravitational field is assumed to exist. In this case, we speak of two inertial systems. Any system that moves at constant velocity in respect to an inertial system is also an inertial system. It is obvious that the distance measurements will be affected by the relative motion, and it seems simple to account for this effect if we express the measurements of one system in the coordinates of the other. However, contrary to "common sense," and to the principles of classical physics, time must also be transformed; this has given rise to many misunderstandings. The well known notorious twin paradox (shown later) is based on such a misunderstanding.
The basis for the coordinate transformations in the SR is the principle that all laws of physics, including the propagation of light or electromagnetic signals, must be identical for two observers that are in uniform motion relative to each other. While the SR deals with the transformations between two inertial systems, the General Theory of Relativity (GR) goes further and includes all possible motions in the transformations, not just the uniform velocity between two inertia systems as in SR. It includes the effects of gravity. In fact, it has been accepted by many as the modern theory of gravity [2] that produces more accurate predictions than Newtonian gravity.
While the SR is somewhat counter-intuitive and abstract, the GR is even more abstract. It is mathematically sophisticated; it requires for its full appreciation a mastery of tensor analysis. This is why there are differences in details in the interpretation among the experts. In addition, there are several alternative metric theories of gravity, collectively known as Post-Newtonian theories of gravity. Will [3] has given a thorough discussion of these developments and particularly of the experiments that can, or could, decide which one is the most realistic description of nature. However, the practitioner, especially the engineer concerned with timing measurements, at the present state of the art, will hardly have to deal with these further developments within the group of relativity theories, even if the utmost accuracy is required in space electronics. In terrestrial applications, none of these different formulations differ appreciably from the classical, Einsteinian formulation of the GR. The effects that are important for the timing user have been experimentally verified in many different tests, in some cases down to 0.01% of the predicted effects [4].
THE PRINCIPLE OF RELATIVITY AND SOME OF ITS

CONSEQUENCES
The principle of relativity recognizes that position and motion can be specified only in respect to some other material bodies, and particularly, that space has no absolute significance in regard to uniform motion. Classical mechanics, of course, uses the concept of inertial systems and the classical relativity principle recognizes that the mechanical laws must be identical in all inertial systems. However, an extension of this principle to electromagnetic phenomena, especially the propagation of light, created a dilemma because the experimental evidence (e.g., the Michelson-Morley experiment), the actual behavior of light as it propagates, contradicts our intuitive notions of a simple addition of the signal and system velocities.
For a while, a reconciliation of the dilemma was attempted by looking for a mechanical explanation of the propagation of light by means of the hypothetical ether, which required additional assumptions of an ether wind, physical contractions of bodies under this wind, etc. How-ever, Einstein recognized in 1905 that a most elegant resolution of the dilemma was possible by including the propagation of light in the postulate, and thereby modifying our basic concepts of classical mechanics, because this step requires the transformation of the time measure between inertial systems. In the meantime, the postulate of perfect relativity (which includes the propagation of light) has been established as correct in countless experiments and it is now known as Einstein's Principle of Relativity, in contrast to the mechanical principle mentioned before. Again, the difference between the two is that Einstein's version includes all phenomena, particularly the propagation of light. The reason for the failure of our intuition is simply that the speed of light (c) is so great that the "relativity effects" do not show up until we deal with speeds that approach c and/or until our measurement precision is very high indeed.
The experience that the physical phenomena are not affected by a uniform motion through space, i.e., that space has no absolute meaning in respect to unaccelerated motion, has as one of the consequences that time also cannot have an absolute meaning. It is an abstract measure of the state of processes in nature, such as motion of bodies or changes in temperature, that we introduce on the basis of standard processes (clock readings) and we have to find out how to extend this measure consistently into distant regions of space. It is clear that this extension requires the use of some signaling and, therefore, the problem of the speed of signaling is inseparable from the problem of transformation.
We need transformation formulae for the coordinates if we want to refer measurements taken in one inertial system to the coordinates of another (primed) system that moves at velocity, U , in respect to the first. This transformation of the space and time coordinates of an event must depend on the velocity w as parameter:
Furthermore, the transformation of the coordinates into the primed coordinates must be done so that each new coordinate is a linear function of the old (unprimed) coordinates.
The linearity is needed so that we maintain the linearity in the description of a uniform, i.e., unaccelerated motion.
In order to emphasize that time (t) must be part of these transformations, we will consider it as a fourth coordinate.
There are two conventions in use for the choice of the time index: zero or four. In either case, the combination of time and space coordinates leads to the understanding of the four components x,(a to go from 0 to 3, or from 1 to 4) as the components of a four-dimensional coordinate vector, 2. We call this vector a worldvector in space-time. It should also be noted that we must be prepared to distinguish between upper and lower indexes which designate contravariant and covariant components respectively, a distinction that will be necessary whenever we deal with a nonEuclidean geometry, such as in the Minkowski space and especially in the GR, which uses Riemannian geometry.
A general linear transformation between two vectors is accomplished by multiplication with a transformation matrix, L, (that in our case must be some function of w) 
In other words, the transformation requires that the flash can be seen as propagating isotropically in both systems. This, of course, is exactly the point where our intuition tells us that this is not possible. However, we have to respect the fact that all experiments conducted so far to test this, or its consequences, have been in agreement with Einstein's relativity principle. An interesting analysis of the testing problem is given in [6]. If we accept Einstein's expression of the relativity principle as an established fact, and we must do so on the basis of all evidence, then the rest is just a necessary mathematical consequence.
The two conventions about time as a fourth (generalized) coordinate are due to different ways of looking at the mathematics. Minkowski pointed out that the simplest way to understand the transformation is to consider it as a rotation in four-dimensional space-time, a transformation that keeps the length, s, of the worldvector x constant. In order to reduce this to the rotation case, we take as the fourth coordinate
The factor c means that we measure all coordinates in meters; it would be equally legitimate to measure everything in light time, i.e., in seconds, by applying c as a divisor to the space coordinates instead of using it as a factor of the time coordinate. At any rate, the transformation we seek must accomplish that s, as defined previously, remain constant or, equivalently, that s is invariant. The invariance of s under the transformation is a cornerstone of the SR. This is in striking contrast to the classical concepts, where length and time differences are invariant independently. Here, it is only the four-dimensional space-time interval s that is invariant. Using our coordinate convention, the invariance of s is expressed by
with the summation index i going now from 1 to 4. The invariant interval s can be seen as the radius of a four-dimensional sphere, which is formally zero in all legitimate coordinate systems. However, this is true only for the intervals that connect two events which are at the ends of a light ray. We must also remember that this Minkowski space-time is a complex space and its geometry is, therefore, only pseudo-Euclidean. If s = 0 in this space, then it does not at all mean that the three-dimensional distance between the two events is zero in our inertial system. One of them could be here and the other on a distant galaxy, but they would be connected by a light ray.
While the mathematical "trick" (3) is most helpful for the purposes of the SR, it is not feasible to extend the Minkowski convention to the problems of general transformations with which the GR has to deal. For this reason, most workers today, including [2], use the other convention in which zo = c . t.
In this case, the transformation matrix will, of course, be slightly different. In any case, a transformation that includes time will necessarily treat it as a pseudo-geometric coordinate, which allows us to bring the whole power of the general geometrical formulations to bear upon the problems. But conceptually we must always remember that time and space are not equivalent, even though the mathematical union in which they find themselves under the transformation (1) is due to the fact that time and distance measurements cannot be made independently from each other.
We have seen that the interval s of two events connected by a light ray vanishes in every inertial system because of the relativity principle. However, it can be shown that every interval, s, must be a constant (must be an invariant). Let us consider the infinitesimal intervals between two events as expressed in two inertial systems. They must be proportional because they are of the same order:
The factor a cannot depend on the coordinates because this would violate the homogeneity of space and time. It can only depend on IvI. But if we consider more than two such systems, then the respective factors, each depending on the respective velocity differences, can be expressed as ratios of two other a's. While these ratios do not depend on the angles between these velocities, the velocity difference of our last pair would depend on the angle between their velocities, which would make the expression as ratios of the other a's inconsistent. Therefore, the a's must be a constant, and the constant can only be 1. This implies, therefore, that every s must be an invariant under coordinate transformations, a most important result.
For events that are separated by s # 0, two possibilities must be distinguished:
Case 1: The time component is greater than the space part-this is a time-like interval, and we form the difference:
Case 2: The space component is greater than the time part-we have a space-like interval, and we form the other difference:
We have used the time measure in the first case, and the space measure in the second, as it is advisable according to the needs of the application. Whatever we do, both the magnitude and the kind of interval are invariant and the possible transformations can only change the magnitude of one component at the expense of the other. Moreover, these transformations can only go so far that the smaller of the two components vanishes (as it was observed above, the two components are not equivalent), and not beyond that, i.e., they cannot make a time-like interval into a space-like and vice versa (this limit is due to v being limited to v < c).
In the case of a space-like interval, it is possible to chose coordinates that make the events simultaneous (At2 = 0) at a spatial distance equal to u. This distance is the shortest possible distance in any frame. A time-like interval allows a transformation to coordinates in which the events occur at the same location (EAxq = 0) , with a "proper time" (see the following) difference r = At2. This time difference is the briefest time measure in any system. In other words, simultaneity is relative to the system chosen, and there is no simultaneity possible if the interval between the events is time-like. By using the invariance of s, we can derive the connection of the time measure At' in a moving vehicle (not necessarily assuming uniform motion) as it looks from an inertial reference At. The invariable interval between two events is always s; however, as we just saw, this s is composed of the two components, the time part and the space part. If we denote the system in which the clock is at rest as the "proper" system, then an inertial system used as reference is the "coordinate" system. It is customary to denote the proper time as r. This is always the time that is kept directly by a clock (which is at rest in its own rest frame). The interval between two events at the location of the clock is then expressed in the two systems as As2 = AT' -0 (proper time) (9) This is the transformation of the increments of the readings of a stationary clock (the proper time of this clock) in terms of coordinate time. It is the time part of the general coordinate transformation (the matrix L) that is known as the Lorentz transformation. The details of the Lorentz transformation are amply discussed in the references. The moving clock will always have smaller numerical readings (it will be late) as seen from the coordinate frame. On the other hand, a moving proper length 1 in the direction of the velocity of the "moving" (of course, it is a relative motion) system will always measure less in the coordinate system; that is the Lorentz contraction. Dimensions perpendicular to the motion will not be affected.
One of the experimental demonstrations of the invariance of s under coordinate transformation consists of the observation that a certain type of elementary particle, n-mesons, are so short lived s) that, after their production in the laboratory, they can move only a few meters before they decay. However, they can be observed on the surface of the Earth, even though their natural origin is high in the upper atmosphere. The explanation is found in the change in the space-time measure due to the extreme speed, very close to c. In the meson comoving system, the distance to the surface is Lorentz contracted by the high relative speed of the Earth system; the terrestrial observer, on the other hand, sees the mesons last longer because of the time dilation due to their high speed relative to us. But, the meson always travels the distance 1 = U . At as seen in either system; i.e., we can write this equation in unprimed and primed magnitudes:
At' is seen in one system, and 1 = v . At in the other. Commensurate with the slowing down of the time measure, the distance is also shortened, as measured in the other system. Only U is the same (with opposite signs) in both systems. Atomic frequency standards will, therefore, appear Doppler-shifted by the same amount as observed in the other system. The situation is exactly the same in both systems, in accordance with the principle of relativity.
An observation regarding the time dilation may be useful. Very often its effects are described in a way which suggests that we deal with physical effects upon the moving clock, that the moving clock is slowed down. This is misleading. Clocks always measure proper time. It is not a physical effect upon the clock if its time measures appear to slow down as its speed increases relative to us. It is merely a metric effect due to the transformation from one system to the other. The same clock will, at the same time, appear to operate at different rates if seen from different reference systems; therefore, the effect is not located in the clock but is purely a metric result due to the relative speed of the coordinate systems chosen.
It is expedient to abbreviate factors that appear repeatedly in the transformation as follows: P = v / c and a = 1 / d m . (10) In the simple case of two systems with parallel axes, coinciding initially, but moving at relative velocity U along the z-axis, the complete transformation in the case of convention (3) In the 10 to 53 convention, the matrix must, of course, be different:
The more general transformations, with v not in the direction of the z-axis, can be derived through multiplication with rotation matrices, as explained in detail in [7] . However, it must be stressed that the appearance of similarity between the two forms is somewhat deceptive. Mathematically they are quite different and the Minkowski convention has been criticized for reasons given in [2], where the authors want to see it discontinued altogether. However, there are many applications where the Minkowski convention of using an imaginary fourth coordinate, even though useless in the GR, produces simpler formulations in the SR. This has been advocated in [7] .
We must note a second important result: the velocity of light plays the role of a limiting maximum velocity beyond which our formulae would produce imaginary results. By the same token, velocities do not add algebraically. We assume a speed U' in the primed system in the same direction as U at which the primed system moves away from the unprimed. This speed will then be transformed as
(13)
This addition of velocities is also limited by the velocity of light. The limiting role of c is a direct consequence of the relativity principle, which includes the propagation of light as an invariant phenomenon. In the limiting case of traveling photon, in its proper frame, there is no time interval between emission and reception, as there is no distance covered, a remarkable result indeed, but only the logical equivalent of Einstein's relativity principle (because we used it as basis for our mathematical derivations).
The next step can easily lead to a fatal error, made by many people, even experts, the error of the clock paradox. We can integrate the increments of the time readings of the previously mentioned formula even for nonuniform motions of the proper clock, where v is a function of t, as long as we use an inertial reference:
But we are not allowed to reverse the procedure by using the system of the nonuniformly moving clock as reference for an analogous computation of the coordinate clock as seen by the proper clock. Only inertial systems can be used as a basis for time-space coordinates. The reason is simple: the relativity principle is not valid for accelerated frames of reference. This is almost obvious: we certainly can feel the acceleration, as we also will find that other phenomena do not remain unaffected by the acceleration. The basis for our concepts derived so far is not valid under acceleration. This solid fact, the nonvalidity of the relativity principle under acceleration, invalidates a reversal of the previously mentioned conclusion that the stationary clock's reading would also be slow if seen from the moving system. Claims that "relativity" means that the relative situation is the same, are false. The situation is clearly not symmetric: the clock that moves nonuniformly is always slow compared to an inertial clock. Problems such as a reverse computation, which cannot be done in the SR because it includes the action of accelerations, have contributed to the development of the GR, which includes the treatment of accelerations due to gravity.
Additional general comments are possibly important. The events in the life of a physical particle are points in the four-dimensional space-time world, and these points form a worldline with differential increments, ds, which are time-like. As projected upon an external coordinate system, the increments have time and space components, but the interval itself is invariant. The invariance of s under transformation has the consequence that the splitting of space-time into space and time coordinates depends upon the reference system chosen. The transformation has the group property, i.e., two successive Lorentz transformations correspond to a one-step transformation of the same kind, and a reverse transformation is obtained by changing the sign of the relative velocity, U. However, the transformation group is not commutative, the result of two successive transformations depends on their order (general coordinate rotation is not commutative [7] ). Even more important is that what is simultaneous in one system will not be simultaneous in a system that moves in respect to the first. In other words, simultaneity has no absolute significance, it is relative to the system used. A failure to remember' this relativity of simultaneity can easily lead to errors in the reduction of signal times coming from satellites. These errors can occur if the reduction formulae use an Earthcentered, fixed reference in which assumed simultaneities of distant events would be different from what the receiver must use for its own data reduction.
The Lorentz transformation of the coordinates also has a most profound and fundamental importance for science: In physical theory, we cannot continue to allow actions at a distance because the position of the distant body that acts upon the phenomenon under investigation depends upon the reference used. Moreover, the action can not be instantaneous because of the limiting role of c. Only field theories can be allowed from now on because in this case, the action is caused by the local field environment. This is also connected with the fact that the Maxwell equations are intrinsically Lorentz-invariant.
THE GENERAL THEORY OF RELATIVITY
Einstein's principle of relativity is the fundament upon which the SR has been built. The GR enlarges upon this in two ways: the basic geometry is generalized to allow for arbitrary transformations, and second, it includes the principle of equivalence as the basis for the treatment of the effects of gravitation.
The basic formula for the computation of the fourdimensional infinitesimal interval, or line element, was (15)
For a treatment of general transformations we must write this equation in a style that treats time and space parts uniformly. We will use affine coordinates with implied oblique axes and distinction between covariant and contravariant components and vectors and we use the real convention (5) where gag is the metric tensor. The summation is to go over both, CY and p, going from 0 to 3 (latin indexes will go usually from 1 to 3). Einstein introduced the convention to imply summation over indices that repeat in any term. With this convention one writes the equation without the capital sigma. We have included t in one of the four x coordinates as discussed above by using the real value convention, and it is obvious that until now, most of the coefficients g are zero because in a flat space with Cartesian coordinates we have no mixed terms, only sums of squares of the coordinates. Therefore, the metric tensor for the SR is
It is clear that if we use transformed coordinates, we could also expect to end up with changed coefficients, g, of this quadratic form because the interval is invariant. However, this is not so. The Lorentz transformation, because it is a linear orthogonal transformation in four-space, keeps the metric tensor (the g matrix) invariant. This is just a sophisticated way of saying that the geometry in the space is not affected and remains flat, i.e., pseudo-Euclidean, because the absence of mixed terms maintains the validity of the sums of squares composition of the interval everywhere. The space is pseudo-Euclidean because the quadratic form for the ds is not positive definite. To recapitulate, (16) with the metric tensor given in (17) is valid whether we use original coordinates or coordinates that have been transformed by using (1) with (12). But, this is only true for inertial frames (for the SR) and if we want to follow Einstein's program to find general transformations that can handle any reference system and any coordinate system, then we must be prepared to give up this restricted form. This is, indeed, necessary and the GR uses a general Riemannian coordinate space where the g matrix, the metric tensor, can have different values in 10 of the 16 components (it is a symmetric tensor), and they will be functions of the coordinate chosen. Unfortunately, this makes the GR transformations nonlinear because of the mixed terms, a most serious complication. But, having 10 parameters available in every point of the four-space provides for the possibility of using geometry for the representation of physical effects as envisioned by Riemann in his famous lecture in 1854, and Einstein used this in his treatment of gravitation. The distribution of mass is reflected in a tensor field where the metric tensor is a function of the mass distribution.
But why are the nonlinear transformations which necessarily use all available terms in gap needed at all?
If, as desired, an accelerated frame is to be used, then the transition between such frames cannot be represented by coordinate transformations that are linear in the time coordinate. And why do we want to use accelerated frames? Because we want to deal with motion in gravitational fields. And here it was Einstein's ingenious insight that in a local area, represented as differentials of the interval, s, a gravitational field is indistinguishable from the effects of a frame that is accelerated. This is Einstein's principle of equivalence, and its position in the GR is as fundamental as is Einstein's relativity for the SR. Its mathematical meaning is that in a local area we can always find a coordinate transformation that will diagonalize the quadratic form (16). In other words, locally we can transform away a gravitational field with a transformation that makes the coordinates into a local inertial coordinate system. But we cannot hope to do this globally with one and the same transformation because the gap are functions of the location. (However, a diagonalization of the form (16) by itself is not a sufficient condition for reaching a pure inertial system.)
The use of the geometrical formalism leads to the next step. In the absence of nongravitational fields such as electromagnetic fields, a free particle will follow a line of "shortest" interval (in view of the indefiniteness of ds, it is an extreme value), i.e., a geodesic which will be its gravitational worldline. Such a geodesic worldline will satisfy the condition which makes s a maximum: A Again, s is the interval, and it will not be zero (we only set the variation to zero) unless the events A and B are at the ends of a light ray. The solution of (18) presents extreme difficulties, but a considerable simplification is possible in the case of weak fields and slow (planetary or satellite) motion: We must expect the terms of the metric tensor to be very close to their values in flat space-time because the GR must deviate very little from classical Newtonian solutions.
We will also be able to neglect terms with p2, and mixed, square, and higher terms in the Asap. This leads to the following assumptions:
Furthermore, if we assume only a slowly changing field, we can also set the time derivatives of the gap to zero. With these assumptions, (18) reduces to classical Newtonian equations with U = -lcM/r = (c2/2)Agoo (20) for a central body M at distance r . Only one gaa, goo appears, and this is the reason why the scalar potential U is a sufficient approximation for most problems in celestial mechanics. For our purposes, (16) will now give us the effect of a gravitational potential upon the measurement of proper time r in relation to a coordinate time t of a comoving free frame without the potential:
(22)
We use only the first-order approximation in addition to (19) and (20). In other words, the potential U will produce a slower rate for the proper-time clock in respect to a clock outside the potential (which is a negative quantity). This result can also be obtained without the apparatus of GR by picturing the photon as having an effective mass E / c 2 = h f / c 2 , which will suffer an energy loss by climbing the potential wall:
This produces a relative frequency change (the redshift) of
There is an essential difference between these two derivations, however. Only the GR predicts a change in the clock rate that will accumulate the reading differences. It is a metric effect that arises because of the potential U distorting the space-time structure, which affects the relative time readings. The classical picture only speaks about a gravitational "Doppler" shift of the individual photons without necessarily saying anything about the clock readings. Experiments, described in [9] and [lo] , have unequivocally decided for the correctness of the GR model. The assumptions which led to (19) mean, of course, that we have linearized the problem (in addition to the other restrictions), and that the effects, not only the gravitational potential effect, can be added separately. A good example for this is given in [9] : the estimate of the magnitude of the combined effect of orbital speed and gravitational potential difference on the frequency received from an Earth satellite (T is the radius of the Earth, h is the satellite altitude):
Af/f = 3 . 5 . 1O-l0[3r/(r + h) -21.
(24)
For low altitudes, we have a shift to higher frequency because the speed effect predominates; above h = r / 2 , the shift is towards lower frequencies (red shift) because at high altitudes the satellite speed is smaller and the potential difference is larger, and the two effects have the opposite sign.
IV. THE SAGNAC EFFECr
A special case of an accelerated frame is particularly important for terrestrial timing applications. On the Earth, we operate on a rotating reference system, and this will affect clock synchronization. Up to now we have assumed that ordinary clock transport will lead to the same result regardless of the route taken as long as we allow for the corrections due to the speed of travel and the height of the clock in the gravitational potential. In an inertial system, the time transfer is independent of how we travel. Moreover, the result is the same if we exchange timing signals by radio if we take the propagation time delay into account. This is done according to the Einstein convention: we send a signal to and from the remote station and assign to the remote clock as time for the reception the midtime between transmission and reception at the home station.
In a rotating system, this independence from the path of synchronization is not assured. In addition, if we synchronize station 2 to station 1 and station 3 to station 2, then station 3 will not necessarily be synchronized with 1. This transitivity of synchronization is, however, absolutely required in any time ordered system. On the Earth, however, if we use a path around the globe, we would discover a timing discontinuity that depends on the location (latitude and direction) of the path. Consistency, i.e., a useful coordinate time system can be obtained, however, if small corrections are applied to the synchronization procedure.
The same effect exists in the propagation of light. In fact, it was with light Sagnac made the original experiments in 1914. He showed that on a rotating system, the velocity of light must be added to (or subtracted from) the speed due to rotation, an effect that produces a time difference for two rays that travel in opposite directions around a closed path. This is, of course, exactly the same effect that allows the operation of LASER gyroscopes.
The reason for all this is that in the rotating system, we cannot ignore the cross terms in our line element ds (15). In other words, accelerations have an effect on timekeeping and on the propagation of light. It is instructive to study this in some detail. The line element in an appropriate coordinate system, ct, T , (p, z (coordinates that correspond with our previous zo, d, etc.), is in primed coordinates for a nonrotating system:
In the system that rotates around the z axis at angular velocity 52, we have T = T', z = z', and (p = (p' + Rt'. By inserting this in (25) we obtain in unprimed coordinates:
From this we can identify the terms of the metric tensor
If we remember (8) and its application in (14), we can do the same in the present more general case, except that we use the new expression for the line element (the interval d s ) to compute the proper time:
For the computation of the time delays in a synchronization worldline, one would start with (16) and solve for dxo. This is a quadratic equation with two solutions that reflect the coordinate time for the beginning and the end of the worldline. After a few algebraic transformations given in [4], one can derive the time delay in coordinate time for a closed path in the same sense as the rotation, where R is the angular velocity of the rotating frame, and A3 is the enclosed area, projected upon the plane of rotation:
A t = A s + 2 . R / c 2 . K.
(29)
This effect is independent of the speed of transfer. Therefore, the speed effect on the readings of a portable clock would be in addition to this. We can also see that in the case of the Earth, a synchronization path along the meridians will not produce this effect at all. This is conceptually useful because we can base our standard synchronization procedure on the rotating Earth on a virtual portable clock synchronization that proceeds only along meridians, to and from the pole. Synchronization that has been reduced to this model will produce a consistent coordinate clock system on the rotating Earth without discontinuities. This is the meaning of correcting synchronization measurements according to (29).
v. STANDARDS FOR WORLDWIDE SYNCHRONIZATION
The main bodies that are concerned with the international coordination of time are the International Consultative Committee for Radio (CCIR), a body working under the International Telecommunications Union (ITU), and the International Conference for Weights and Measures (CIPM), the executive body under the General Conference for Weights and Measures (CGPM), also known as the Metric Convention. The consultative group concerned with time is the Consultative Committee for the Definition of the Second (CCDS), which reports to the CIPM. Both groups, the CCIR and the CCDS, have issued recommendations and definitions pertinent to the precise meaning of synchronization and global timekeeping, and formulae to account for relativity effects. These recommendations are based to a large degree upon work that was caused by the requirements of precision timing of remote systems, e.g., of new satellite navigation systems, especially the Global Positioning System (GPS) [9] The CCIR Study Group VI1 has issued a report [18] that deals in some detail with the cases of a portable clock near the surface of the Earth, and with electromagnetic signals used for remote synchronization.
The CCDS has clarified the principles involved, and has defined the International Atomic Time (TAI) as a coordinate (and coordinated) time. The wording (translated from the French) is: TAI is now established by BIH's successor organization, the Bureau International des Poids et Mesures (BIPM) . This definition of TAI has been augmented with a declaration in 1980 that is to clarify the meaning in the relativistic context. This became necessary because the above wording only implies the reference time TAI to be coordinated because TAI is defined on the basis of the clock readings in the contributing establishments. The unit of time, as it is defined as a base unit of the SI, however, necessarily refers to proper time. Wherever we operate a Cesium frequency standard, it gives us the time measure as a proper unit, even though this also was not explicitly spelled out in the original definition. This CCDS declaration is as translated [ 191:
"TA1 is a coordinate time scale, defined in a geocentric reference frame with the SI second as scale unit as it is realized on the rotating geoid. Therefore, it can be extended to a fixed or moving point in the vicinity of the Earth with sufficient accuracy at the present state of the art by the application of the first order corrections of the General Theory of Relativity; i.e., the corrections for the differences in the gravitational potential and the differences of speed, in addition to the rotation of the Earth."
Following this declaration, a note explains the mathematical formulae for these first-order corrections. is the potential difference between the clock's location and the geoid (positive for a positive altitude), c is the velocity of light, v is the velocity of the clock in respect to the Earth, R is the angular velocity of the Earth, and E is the equatorial projection of the area covered by T in an Earthfixed coordinate system. In the computation, the differential of the area will be taken as positive if the projection of T moves towards East: 
For a traveling clock we have:
/ [l -9 + 2 dsE = - ~T~V E COS cp * ds (3 1
A t = -E + -
trajectory where do is the coordinate length differential along the trajectory, with the other magnitudes the same as in the first case, with the exception of E which, in practice, is the equatorial projection of the triangle between the center of the Earth, the transmitter, and the receiver of the signal. The area & is positive if the equatorial projection of the line between the transmitter and the receiver has an eastward component. It is also noted that in practice, the term due to da can be eliminated by sending the signal back and forth (the simultaneous two-way method). In this case, the formula leads to uncertainties of less than 1 ns, even for connections with artificial satellites. 4. Discussion and Examples. The approximation given above treats the metric corrections as linear superposition of the three components: the speed effect, the effect due to the gravitational potential difference, and the Sagnac effect due to the motion, or light propagation, as seen in a rotating frame of reference. Taken each by itself, one can summarize these effects in the following way. A clock that moves at sea level at speed w will appear to be low in frequency compared with the standard frequency (the clock will be slow), i.e., we have to add to its frequency (35) An altitude of h meters above sea level will produce an apparent approximate increase of its frequency of This latter correction is an important item in the international comparison of fundamental (primary) frequency standards. One of the major contributors, the National Institute of Standards and Technology (NIST) operates a primary frequency standard in Boulder, CO. At the altitude of 1650 m, the frequency will appear to be high in respect to sea level (the TAI reference) by 1.8 parts in ten to the thirteenth, which is more than ten times the uncertainty of the absolute frequency. Even larger are, of course, the offsets that must be included in atomic frequency standards that are to operate in satellites [ll] .
If a traveling clock has an east component W E in its motion, then we must add to the time of the moving clock a delay due to the Sagnac effect. This delay is (with latitude cp and altitude h) proportional to distance traveled towards the East D in km:
At FZ 207.4~0s cp. D / ( 2~( 6 3 7 8 + h ) ) (ns) . (37) The 207.4 ns is the delay accumulated by a clock that circumnavigates the Earth on the equator in an easterly direction. In practice, one will compute LE and use (30).
For a signal that is transmitted via satellites, the effect will be greater, of course. The timing receivers for the GPS must have corresponding corrections for the time transfer built into their reduction software in order for time transfers to be useful in the terrestrial coordinate time. A test to this extent was performed by Allan, Weiss, and Ashby [16] , with results that indicated that this was indeed the case for the receivers used.
VI. CLOCK TIME SCALES FOR ASTRONOMICAL AND SPACE APPLICATIONS
The International Astronomical Union (MU) has been concerned with time scales, originally as the sole provider of time standards, now in regard to their use in very-longbaseline interferometry (VLBI) and as reference for the prediction of celestial phenomena, such as orbital motions and pulsar timing. The old Ephemeris Time (ET), that was introduced in the 1950's as a uniform time scale and as the time argument for orbital computations, was replaced in 1977 by Dynamical Time, which included relativity considerations with scaling (changing the rate of the clocks to compensate for the gravitational potential at the point of origin for the purpose of avoiding a secular runoff; see [21] ). However, the new space applications of precise time, particularly in pulsar research, suggest further evolution. This is very significant because by far the most stringent requirements for long-term clock stability and accuracy in the relativity corrections that must be applied in the reduction of observations come from astrodynamics and astronomical research. Guinot and Seidelmann [22] discuss the history and propose further developments.
Proposals have now been formulated at the IAU Colloquium on Reference Systems [23] for putting the whole system of space-time references on a systematic basis in the explicit framework of the GR. The Conceptual Recommendation G1 recommends " . . . the four space-time coordinates (zo = c t , z l , z2, z3) be selected in such a way that in each coordinate system centered at the barycenter of an ensemble of masses exerting the main action, the interval ds2 be expressed at the minimum degree of approximation in the form:
where . . . U is the sum of the gravitational potentials (taken here as positive) . . . "
Recommendation G2 specifically mentions two coordinate systems, the (solar) barycentric and a geocentric system; it specifies that the SI (i.e., the second, the meter, c, etc.) should be extended to outer space without scaling factors; and it links the time coordinates to atomic clocks that operate in conformance with the definition of the second.
Recommendations T1 and T2 establish a consistent nomenclature for the various time-like arguments that need to be distinguished as a consequence of the above recommendations. This nomenclature takes into account the previously introduced time-like arguments that are used in the ephemerides: Terrestrial Dynamical Time (TDT), and Barycentric Dynamical Time (TDB), the former originally taken as TA1 + 32.184 s, and usually considered as the relativistic successor to ET. TDB is reckoned at the SI rate with scaling (which effectively assigns a number to the Cesium standard frequency that is different from the SI). T1 and T2 also introduce new arguments in conformance with G1 and G2: Geocentric Coordinate Time (TCG), and Barycentric Coordinate Time (TCB). And lastly, it also introduces an ideal Terrestrial Time (1T) that is practically TA1 but without the very small errors of implementation.
First of all, it must be noted that the French names determine the abbreviations. And even though this seems like a bewildering profusion of different time scales, the method is clearer by grouping them in the following way (see also Dynamical times were conceived for the sole purpose of providing relativistic successors to the ET. This historical origin, together with the urgency with which they were introduced before a systematic position could be reached, as it exists now, together with the 32.184-second offset inherited from ET, explains why better distinctions and definitions were needed. Moreover, the name Dynamical is misleading because it refers to the intended use, while the scale is really an atomic time. The scaling of the rate means that the standard units (e.g., of mass) must also be scaled if they are connected with TDB, a serious complication that is avoided with the introduction of the "Coordinate" times. These are not scaled but adopt the SI at the origins. This is in the spirit of the SI, which is tacitly assumed to be a proper system of units. Another problem we face is that we need to be able to conceptually separate TA1 as an established, operational time, from its ideal concept, which can be better approximated after the fact by reprocessing and the inclusion of additional information (possibly, pulsar observations). That is the reasoning behind TT. It is practically identical with TDT except that the separation of the realized from the ideal time was not explicitly included in exactly this sense in the definition of TDT, which was rather vague on this point [21] . In addition, the possibly misleading implications arising from the name Dynamical are now avoided with TI'. The only blemish in this otherwise logical scheme is the continuation of the 32.184-second offset on the right side of the scheme. This is confusing and a potential source of error.
Lastly, we must also recognize that TA1 is a coordinate time that is not in conformance with G1 and G2 because it is not a "centric" time, but is defined on the geoid. However, all our observations are necessarily referred to it and we must, therefore, establish a connection with it. This is the purpose of transforming to TCG.
It is hoped that this nomenclature will allow unambiguous references in the discussion of work that deals with precision space observations, even though not all of these scales will actually come to be used. The planetary ephemeris tapes that are presently computed to TDB, but published in reference to TDT, will probably continue to use TDB.
